Background Many chemical agents used in liquid crystal display (LCD) manufacturing have been evaluated in animal studies of female reproductive toxicity. Knowledge of their reproductive toxicity in humans is scant.
Introduction
Liquid crystal display (LCD) manufacturing is a rapidly growing high-tech industry that uses many organic chemical solvents in the fabrication process. Manufacture of LCD-displayers consists of three main processes: array, panel and module manufacture. The manufacture of arrays involves film deposition, photolithography, etching and stripping. It is similar to the semiconductor manufacturing process, except that transistors are fabricated on a glass substrate rather than a silicon wafer. The manufacture of panels or cells involves printing, rubbing, liquid crystal injection, and polarizer attachment (the joining of the arrayed back substrate with the front substrate that is fitted with a colour filter). The space between the two substrates is filled with liquid crystal material. The module manufacturing process includes the assembly and testing of additional components connected to the fabricated glass panel.
Many chemical agents used in LCD manufacturing, such as propylene glycol monomethyl ether [1] , monoethanolamine [2] , N-methyl-2-pyrrolidinone [3] and isopropanol [4] have reproductive toxicity, which has been evaluated in many animal studies but few in humans. Menstrual cycle patterns depend on hormonal status, which is sensitive to environmental influences [5] . Short, long and highly variable cycles are more likely to be anovulatory than regular cycles of 25-35 days. Menstrual outcomes are important potential indicators or markers for other health outcomes such as fertility, osteoporosis and breast cancer. Few studies have examined the effects of occupational exposure on menstrual cycle variability. One study found that supervising engineers and photolithography workers had a higher risk of short menstrual cycles than nonfab workers in the semiconductor industry [6] . However, exposure to multiple chemicals, including ethyl glycol ethers (EGEs) in photolithography might be associated with long menstrual cycles [7] . The objective of this cross-sectional study was to determine the effect of organic solvents on menstrual cycle characteristics of workers in LCD manufacturing.
Methods
We conducted this cross-sectional survey during annual health examinations in December 2002 at an LCD manufacturing plant in Taiwan. Female workers with at least 1 year employment in the plant completed a selfadministered questionnaire about menstrual cycle characteristics and potential risk factors. After exclusions the study population included premenopausal women aged 18-44 who were not pregnant or breast feeding, had not used oral contraceptives in the preceding year, did have menstruation menstrual cycles during that year and did not have a history of treatment for menstrual irregularity, infertility, pelvic inflammatory diseases, endometriosis and/or major abdominal surgery. This study was approved by the Ethics Review Board of the National Taiwan University College of Public Health.
We divided the subjects into one office and three fab (array, panel and module) groups and monitored exposure to chemicals implicated in the literature as having possible reproductive toxicity. All exposure measurements were taken during normal operating conditions and should be representative of the usual working environment. Sampling dates were scheduled to avoid the annual maintenance period, in view of the increased probability of exposure to chemicals used for machine cleaning during this period.
We used hand-held volatile organic compound (VOC) monitors (RAE System Inc., PGM-4730), each with a photoionization detector (PID; range of detection, from 1 p.p.b. to 2000 p.p.m.), to determine total VOCs concentration and distribution in different fabrication areas. The monitors were used to sample total VOC concentrations in each area by measurement in each square metre during shifts in which sampling took place. Monitoring results therefore represent multiple measurements at differing locations over a shift to represent the workers' exposure within each area. However we did not measure total VOCs in the office area. To determine the levels of individual VOCs we also used 24 h canister collection in conjunction with gas chromatography/mass spectrometry [8] in the office area and in each fabrication area.
Subjects completed a structured questionnaire 1 week prior to their annual health examination. This collected information on demographics, working history, medical history, reproductive history and lifestyle factors (alcohol and tobacco consumption and recreational exercise). Work patterns were of two types: regular day work (from 8 a.m to 6 p.m) and 12 h shift work (either from 7:30 a.m to 7:30 p.m or from 7:30 p.m to 7:30 a.m). The Chinese version of Karasek's job content questionnaire [9, 10] was used to score psychological stress and social support at work.
Questions relating to the menstrual cycle were asked as part of a reproductive history. The menstrual cycle characteristics assessed in the questionnaire included length and duration of the menstrual cycle and amount of bleeding. We defined abnormal cycle length as less than 24 days or more than 35 days [11] . To classify menstrual cycle length we asked, 'In the past year, on average, how long have your cycles been?' and computed the percentages of women who had short (<24 days) or long (>35 days) cycles. These cut-offs were selected based on prospective studies [12] , showing that 10% of all cycles in premenopausal women were <24 days and 10% were >35 days. To evaluate the duration of bleeding we asked, 'In the past year, on average, how many days did your flow last?' We defined abnormal duration of bleeding as less than 3 days or more than 6 days of flow. To assess the amount of flow, we asked, 'During your menstrual period, how many sanitary towels did you use every day?' We defined abnormally heavy flow as the use of more than eight sanitary towels daily.
A logistic regression was used to estimate crude and adjusted odds ratios (ORs) with 95% confidence intervals (CIs) for abnormal menstrual cycle characteristics in different work areas: array, panel and module areas. The reference group was female office workers who did not work at the sites of LCD fabrication. The following variables were included in final models: age, body mass index (BMI), education, current drinking, exercise, work pattern, job strain, and social support. A 10% change-in-estimate method was used to assess potential confounders. This method selects a variable for control only if its control produces a more than 10% change in an OR estimates of interest [13] .
Results
A total of 666 female workers participated, and 622 (93%) completed the questionnaire. After exclusions of those working in both office and fabrication areas (112), those above 45 years of age (120); smokers (32), users of oral contraceptives or other hormones (9), those pregnant or lactating (25) and those with a history of hysterectomy, bilateral oophorectomy or other gynaecological surgery (36), there were 288 women (110 office and 188 fabrication workers) used in the analysis (see Table 1 ). VOCs and reproductive hazard ratings by location (in the office and the three areas of the plant used in fabrication) are shown in Table 2 . Photoionization detection found that the level of atmospheric total VOC concentrations in the module area (21 000 p.p.b.) were almost 14 and 27 times higher than in the array area (1472 p.p.b.) and panel area (766 p.p.b.), respectively. Although the concentrations of individual organic compounds in the canister samples were well below occupational exposure limits promulgated by the Taiwan Council of Labor Affairs, the concentrations of acetone and ethanol were highest in the module and array areas, respectively.
Of the 288 valid questionnaires, 110 were returned by non-fab workers, 35 by workers who made arrays, 71 by workers who made panels and 72 by workers who made modules. The educational levels were generally higher in non-fab workers and lower in panel and module workers. Exercise was more frequent among non-fab workers. Alcohol consumption was similar in all groups. Non-fab workers had regular working hours, whereas the other three groups worked 12 h day or night shifts (Table 1) . Menstrual cycle characteristics are described in Table 3 . Abnormal cycle length (<24 or >35 days) was more prevalent in the panel and module groups. The frequency of longer menstrual cycle was similar in all groups. An average menstrual cycle length of >24 days was reported by 22% of module workers and 17% of panel workers. The prevalence of short menstrual cycle was significantly higher in module and panel workers than in non-fab office workers.
After controlling for potential confounders, the risk of having a short cycle remained significantly increased in panel (OR = 7.68; 95% CI: 1.51-39.15) and module workers (OR = 8.38; 95% CI: 1.72-40.95) ( Table 4 ). 20 (18) 5 (14) 15 (21) 9 (12) However, there was no significant between-group difference in risk for long menstrual cycles (Table 5 ).
Discussion
We found that the prevalence of short menstrual cycles appeared to be higher in panel and module workers than in other groups. The concentration of total VOCs was much higher in the module manufacturing area than in other areas of the plant. In particular, the concentrations of ethanol and acetone were much higher in the paneland module-making facilities. Previous studies have shown that ethanol [14] , acetone [15] , toluene [16] , xylene [17] , benzene [18] and styrene [19] can disrupt the function of the hypothalamicpituitary-ovarian axis, affecting reproductive hormone profiles and producing menstrual disturbances or reduced fertility in animals. Ethanol acutely restricts the release of LH and subsequent oestradiol and progesterone secretion [14] . Benzene also reduces the release of oestradiol before ovulation, FSH at the early follicular phase, and progesterone in the luteal phase after ovulation and shortens the length of the luteal phase [18] . Consequently it is plausible that exposure to multiple organic solvents may produce shortened menstrual cycles in humans. Among chemicals reported to affect the menstrual cycle those most commonly used in high-tech manufacturing are the ethylene glycol ethers, ethanol and acetone. In a study of workers in the semiconductor industry, the prevalence of longer menstrual cycles was higher among workers engaged in a photolithography process involving the use of ethylene glycol ethers [7] . Ethylene glycol ethers are not used in LCD manufacturing, but ethanol and acetone are. In our study, the concentrations of ethanol and acetone were substantially higher than all the other VOCs ( Table 2 ). This raises the possibility that even when exposures are much lower than the workplace limits currently set by law, repeated exposure to multiple organic solvents may be associated with human menstrual cycle variations.
Consumption of ethanol can alter hormone levels [20] and reduce the probability of conception with adverse effects associated even with moderate alcohol consumption [21] . The prevalence of alcohol drinking was only 3.1% in this study, which is similar to the published rate (3.4%) in females in Taiwan [22] . This low prevalence may not confound the association between workplace ethanol exposures and abnormal menstrual cycle length observed in this study. Acetone has also been suspected to inhibit the function of the pituitary-ovarian axis. In human study, three out of four female volunteers subject to controlled exposures of acetone (1000 p.p.m.) for up to 7.5 h/day, 4 days/week, had shorter than normal menstrual periods [23] . Although the concentrations of ethanol and acetone in the module and panel were much lower than those in previous studies, our data suggest that repeated exposure to multiple organic solvents, even in low concentrations, may cause menstrual cycle variations. The risk of short menstrual cycle may be underestimated. We restricted our analysis to workers who completed questionnaires and met a strict set of reproductive criteria. Menstrual cycle characteristics were estimated by questionnaires comprising part of an annual health examination offered by the company as health surveillance in relation to work exposures. We excluded women who were currently breast feeding, pregnant or had ended a pregnancy. There may also have been some underestimation because of selection bias toward healthy workers, since workers with ailments may have missed the annual health examination or left their jobs. Moreover, female workers tend to leave work because of pregnancy, while those who are infertile tend to remain at work. The prevalence of irregular cycles might also have been underestimated in our study because a few otherwise eligible women were excluded for taking oral contraceptives that may have been prescribed for menstrual irregularities.
Previous studies have identified potential predictors of menstrual variability including age, education, high BMI [24] , stress [25] , smoking [24] , night work [26] , frequent extra work and history of pregnancy. Some studies have reported that smokers or heavy smokers may have short cycles, but there were too few smokers in our study (4 in office, 2 in array, 8 in panel and 18 in module) for us to investigate this possibility. In our study, the prevalence of short cycle length was higher in extremely thin women (BMI <19 kg/m increased risk of long or irregular cycles at both extremes of the weight spectrum [25] and that the OR for long cycles increases in a stepwise manner when BMI is above 23 kg/m 3 . Job stress, as measured using an adapted Karasek's job contents questionnaire, did not affect menstrual function in our study. This finding was consistent with previous findings [27] ; however, job stress has been reported to be associated with longer menstrual cycles [28] . Rotating shift workers have been found to have longer menstrual cycles [29] . However, stress and shift work were not appreciably associated with short menstrual cycle in our study.
We found evidence for a possible link between repeated relatively low level exposure to multiple organic solvents such as ethanol and acetone and abnormally short menstrual cycle in premenopausal women. However, in considering the strength of this evidence the validity of the study design, possible exposure misclassification and potential confounding factors should be considered. We believe our findings warrant prospective research using personal exposure assessment and daily measurement of urine metabolites of sex steroid hormones to elucidate whether a causal relationship indeed exists.
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